The transcriptional regulatory network of Escherichia coli K-12 is among the best studied gene networks of any living cell. Transcription factors bind to DNA either with their effector bound (holo conformation), or as a free protein (apo conformation) regulating transcription initiation. By using RegulonDB, the functional conformations (holo or apo) of transcription factors, and their mode of regulation (activator, repressor, or dual) were exhaustively analyzed. We report a striking discovery in the architecture of the regulatory network, finding a strong under-representation of the apo conformation (without allosteric metabolite) of transcription factors when binding to their DNA sites to activate transcription. This observation is supported at the level of individual regulatory interactions on promoters, even if we exclude the promoters regulated by global transcription factors, where three-quarters of the known promoters are regulated by a transcription factor in holo conformation. This genome-scale analysis enables us to ask what are the implications of these observations for the physiology and for our understanding of the ecology of E. coli. We discuss these ideas within the framework of the demand theory of gene regulation.
Introduction
Transcription factors (TFs) are usually allosteric proteins that bind specifically to their operator DNA sites, which are usually located near promoters, either in the holo or apo conformation to regulate gene expression. We refer to a functional holo conformation when the TF binds to DNA as a complex bound to an effector that can be either a noncovalently bound small molecule, or after a covalent modification, such as phosphorylation by a two-component system; whereas a TF binds in an apo conformation when the protein binds alone. For instance, CRP binds to its specific binding sites once bound to cAMP, its allosteric small ligand; whereas the LacI repressor binds to DNA as a protein in apo conformation, and unbinds in the presence of allolactose, its allosteric modifier.
The best-described transcriptional regulatory network (TRN) of any living organism, that of Escherichia coli K-12, provides a detailed description of TFs, including the characterization of their mode of control (activator, repressor, or dual) and the functional conformation that binds to DNA operator sites. The wealth of knowledge available in RegulonDB [1] includes as well the classification of TFs into their corresponding evolutionary families, the specific promoters subject to regulation of these TFs, and the functional classification of the regulated genes. Taking all these pieces of knowledge together, enabled us in this paper to address questions concerning relationships of the mode of control, and the conformation of TFs in relation to the functional classes and the evolutionary families of TFs. Briefly, we performed a genome-wide analysis of the relationship between physiology and mechanisms of gene regulation for this bacterium.
Extensive molecular studies in E. coli K-12 have characterized the regulatory role and the effector associated with the functional conformation of each TF. This information has allowed a comprehensive global understanding of gene regulation that cannot be obtained through the study of individual genetic systems. For instance, the functional conformation for modeling regulatory networks in order to elucidate the design principles for transcriptional regulation of bacterial TFs in elementary gene circuits, have previously been incorporated [2] ; however these principles are still the focus of further research in this area [3] .
In this work we address the question of whether a preferential functional conformation is used by TFs in E. coli, and what are the biological implications. We found a high preference of activators and repressors for the holo functional conformation whereas, interestingly, activators very seldom have an apo functional conformation. Given that many TFs have dual repressor/activator functions, we also analyzed the conformational distribution of individual TF-promoter pairs, since in most cases TFs work either activating or repressing specific promoters. At this level of individual interactions, we found the same asymmetric distribution, with a preference for the holo functional conformation. In conclusion, the major properties of the TRN we found are: (a) extremely rare apo activation both at the level of TFs (only one TF activates its promoters in apo conformation) and at the level of individual TF-promoter pairs, together with (b) a high tendency for promoters to be regulated at least by one TF in a holo conformation and (c) a high frequency of dual regulation. We analyzed both functional and evolutionary hypotheses in searching for an explanation for these striking observations, and we discuss our results within the framework of the demand theory of gene regulation [4, 5] .
Results

Classification of TFs Based on their Functional Conformation
RegulonDB version 7.0 describes experimental evidence for a total of 149 TFs governing 732 promoters [1] . From this set, 98 TFs (66%) have an associated effector that can be either an allosteric, noncovalently bound, small molecule (70 TFs) or a covalent modification (phosphorylation) by a two-component system (28 TFs) . The 98 TFs with effectors were classified both by their mode of control (activator, repressor, or dual) and by their functional conformation (holo, apo, or holo-apo). We will only refer to the functional conformation throughout the text ( Figure S1 and Tables  S1 and S2 ).
Apo/holo Asymmetry at the Level of TFs
As shown in Figures 1a and S1 , a striking discovery was that 95% of activators regulate in the holo conformation, with the exception of Cbl, which regulates in apo conformation (5%) and is required for the expression of sulfate starvation genes [6] . On the contrary, functional repressors bind either in the apo (60%) or in the holo (40%) conformation. For dual regulators, 55.5% have the holo conformation, 20% the apo conformation, and 24.5% the holoapo conformation (which like Lrp bind functionally both in apo and in holo) [7] . A chi-square test showed a significant correlation between the functional conformation and the TF's mode of control, with a P value of 7.74610 26 . In summary, activators and dual TFs bind their target sites predominantly in the holo conformation.
Conformation is not Conserved within Evolutionary Families
In order to evaluate whether the conformational distribution is a result of the evolutionary history of TFs, we analyzed TF families with at least five or more members. We found that the functional conformation was not conserved within evolutionary TF families as shown in Figure S2 . A clear exception was the family of twocomponent systems, which are those with a histidine protein kinase and a response TF protein. TFs are active when phosphorylated, thus all of them are functional in the holo conformation, except for TorR which is functional in apo and holo [8] . They can be either activators or dual regulators. Indeed, the diverse allosteric mechanisms within homologous proteins have been suggested to result from the evolution of allosteric interactions within colocalized molecules [9] [10] [11] .
Apo/holo Asymmetry at the Level of TF-promoter Pairs
The mode of control (activation or repression), is more precisely defined at the level of TFs governing individual promoters. We defined TF functional conformation-promoter pairs (TF-promoter pairs) irrespective of the number of TF-binding sites with the same effect on a promoter. When a promoter was controlled by more than one TF, each pair was counted separately. Of 1,327 TF functional conformation-promoter pairs counted, 982 were among TFs with a known effector and functional conformation Out of these 982 TF-promoter pairs, we find the following distribution: holo repression (37%), holo activation (42%), apo repression (15%), apo activation (3.25%, with 2 contributed by only 1 TF activator, Cbl, and 32 by 12 dual TFs), dual regulation in holo conformation (1.93%) and dual regulation in apo conformation (0.2%). Dual TFs accounted for 372 holo activation and 293 holo repression pairs. Only a few promoters were subject to dual regulation by the same TF (19 promoters in holo and 2 in apo conformation). We observed a significant correlation between the mode of control and functional conformation (P,2.2610 216 ) (Figures 1b and S3 ). Furthermore, we also analyzed TFs that had many sites in the same promoter region, and we found a significant correlation with the holo conformation ( Figure S4 ). Briefly, at the level of TFpromoter pairs, regulation in the holo conformation is clearly dominant.
Global TFs Act in the Holo Conformation
We analyzed global TFs, which have many interactions and satisfy additional criteria as defined in methods, to see if their inclusion might modify the distributions of holo and apo conformations. Six global TFs that have an associated effector were considered (with the number of promoters they regulate shown in parentheses): CRP (210), FNR (76), ArcA (48), Fur (36), Lrp (34), and NarL (30) . These account for 44.1% of the interaction pairs with a known effector. Most of the global TFs with an effector have a functional holo conformation; Lrp is an exception, as it regulates in both the holo and apo conformations [12] . None of the global TFs regulate exclusively in the apo conformation. As shown in Figures 1c and S5 , global TFs use the holo conformation for both activation and repression, contributing significantly to the total number of holo repressor interaction pairs; however, even if we excluded all pairs contributed by global TFs, apo activators were still underrepresented, accounting for only 34 out of 548 interactions, as shown in Fig. 1c . We also did the same analysis excluding the promoters regulated by two-component systems and, although the bias is almost lost, we still find few promoters that are apo activated ( Figure S6 ).
Distribution of TFs Functional Conformations in Complex Regulation
Simple and complex regulation are usually defined in terms of how many TFs affect a promoter [13] . Our data offers a different perspective on the combination of TF-promoter pairs by taking into consideration the functional conformation of the TF. Thus, complex conformational regulation involves different conformations and modes of control (activation or repression) of TFs, irrespective of the number of TFs and of binding sites for each TF (see Methods). For instance, malE is subject to simple conformational regulation, even though it is controlled by two activators (CRP and MalT) in the holo conformation. On the contrary, lacZYA is subject to complex regulation, because it is controlled by one repressor in apo conformation and one activator in holo conformation (LacI and CRP, respectively). By this criterion, 44% of all 732 promoters are subject to complex conformational regulation, whereas the other 56% involve simple conformational regulation (Figures S7, S8, S9 and S10). As shown in Figures 2, and S11, 75% of all promoters are regulated by at least one TF in holo conformation. Although 22% are regulated by at least one TF in apo conformation, most of them also include a TF in the holo conformation. The high occurrence of holo conformation reflects the observation that global regulators, which work essentially in holo conformation, are usually participating in both simple and complex conformational regulation.
Physiological Implications of Holo and Apo Conformations
When focusing on the change in expression levels of target genes, systems have been classified as inducible or repressible. Thus, at least four types of gene control circuits can be defined in this context: induction with activator or repressor control, and repression with activator or repressor control [3, 14] (See Figure 3) . It has been observed that catabolic systems tend to be inducible, whereas anabolic systems tend to be repressible [4, 5, 14] . Similar tendencies have also been found for other physiological functions [15] . We categorized regulated genes into four groups: Catabolism, Anabolism, Transport, and Others, according to their GO and MultiFun [16] classes ( Figure 4 and Table S3 ). We observed that activators correlated with the holo conformation and repressors with the apo conformation for catabolism (inducible systems), whereas repressors correlated with the holo conformation for anabolism (repressible systems), as expected (P = 4.337610
290
). In addition, activators correlated with the holo conformation for the Transport class and repressors with the apo conformation for the class of Other regulated genes ( Figure 1d ).
Discussion
The first contribution of this paper is the gathering of all functional and non functional TF conformations, improving the knowledge of the E. coli transcriptional regulatory network. The implications of the results reported here can be interpreted in terms of the demand theory of gene regulation [4, 5] . High demand means that expression levels of target genes are at the high end of their physiological range most of the time in the organism's natural environment, whereas low demand means that for most of the time expression is at the low end [15, 17] . This theory predicts activator control for a gene whose expression is in high demand and repressor control for a gene whose expression is in low demand. The basis of demand theory is that interference with regulation owing to mutation, errors in transcription or translation, physical influences such as temperature shifts [17] , and to noise and nonspecific interactions [18] , results in a fitness penalty for activator control in a low-demand environment and for repressor control in a high-demand environment. Although the experimental evidence tends to support these predictions, there are sets of parameter values that could potentially allow for the opposite predictions [4, 5, 19, 20] .
Three pieces of knowledge taken together support an interpretation of the observed tendencies in E. coli and also suggest to plausible predictions of apo and holo conformations in other bacteria. The first is the prediction of high or low demand with activation or repression, respectively. The second is the observed correlation of catabolic systems with induction in response to their substrate and of anabolic systems with repression in response to their end product. The third is the assumption, given the data, that TFs in these systems mostly respond to the binding of an effector related to the substrate and end product signals (see the section on ''Distribution of TF Functional Conformations in Complex Regulation,'' above).
An inducible catabolic system is predicted to use an activator when working under high demand, and if it operates in response to the appearance of the substrate, then the activator has to be in the holo conformation (e.g., the maltose operon). A catabolic system in low demand would use a repressor that needs to be functional in the apo conformation to induce the system (i.e., the lactose operon). These examples illustrate that catabolic systems in high or low demand would in principle be subject to holo activation and apo repression, respectively, as shown in Figure 3 .
Anabolic machinery, illustrated by amino acid biosynthesis, should work as a repressible system. An environment rich in specific amino acids will rarely require their endogenous synthesis and therefore is a low demand system. E. coli often lives in an environment that is relatively rich in several amino acids [15] , which correlates with an enriched pool of holo repressors. A positive mode of regulation is expected for operons whose expression is frequently required, when the end product of the biosynthetic pathway is seldom present in significant amounts in the organism's natural environment. Apo activators, which might be expected in this context, are rarely found in E. coli; the only apo activator, Cbl, and the set of 34 apo-activating interactions represent the regulation of biosynthetic genes, expected to be in high demand for E. coli. It is noteworthy that many of the amino acid and nucleotide biosynthetic pathways in high demand utilize an alternative form of positive regulation, namely, antitermination and attenuation. Examples include the histidine, isoleucine, valine, leucine, methionine, phenylalanine, and threonine systems [15] . It has been predicted that in all amino acids biosynthetic pathways at least one gene is subject to attenuation [21] . The reasons for the use of attenuation for these biosynthetic systems and classical activators for catabolic systems are not well understood. However, even if we were to treat the known attenuator mechanisms as if they represented apo activation, there would be only 51 interactions, and so the tendency toward holo activation would remain (Figures S12 and S13 and Tables S4 and S5 ). We can see that the lack of apo activation remains a clear tendency, although the rationale for this characterization of the TRN is still unclear.
A corollary of demand theory is the prediction of dual regulation of differentiated cell-specific functions [22] . The dual regulation of the arabinose catabolism system was known to involve a TF, whereas the dual regulation of the tryptophan biosynthesis system was known to involve two different types of mechanisms: a negative mechanism involving a classical repressor and a positive mechanism involving attenuation. The current study shows that dual TFs are very common in E. coli. This suggests that a major fraction of cellular functions is selected to meet alternative high and low demands in different environments.
Finally, if one accepts the correlation between mode of transcription control and environmental demand for gene expression [15] , then knowledge of the environmental demand can be used to predict the molecular mode of control. Alternatively, knowing the molecular mode of control can be Figure 2 . Complex regulation and TF conformational tendency. With this classification system, we considered promoters to be regulated by one or more TFs, but each of them with the same mode and conformation. Each bar corresponds to the relative frequency of a promoter regulated by at least one TF only in holo functional conformation, only in apo functional conformation, at least one TF in holo, at least one TF in apo conformation, or at least one TF in holo and one in apo conformation. The colors inside each bar correspond to the contributions by promoters subject to only one TF, two, three or more. doi:10.1371/journal.pone.0065723.g002 Figure 3 . Predicted gene control circuits for simple cases. Case 1. Inducible catabolic high-demand system. a) Expression of the regulated genes is OFF, because the activator is in a nonfunctional state. b) In the presence of the effector, it binds to the activator, changing it to the holo conformation, which facilitates transcription, e.g., maltotriose binds to MalT and this induces maltose operon expression. Case 2. Inducible catabolic low-demand system. a) The repressor is functional in the apo conformation, so the system is repressed in the absence of the effector. b) In the presence of the effector, it binds to the TF, changing it to a nonfunctional conformation, which allows induction of the system, e.g., allolactose binds to LacI and this induces lactose operon expression. Case 3. Repressible anabolic high-demand system. a) In the absence of the effector, the system is ON, with the activator in the apo conformation. b) When the effector is present, the activator is nonfunctional and the system is deactivated, e.g., Cbl activates the tau and ssi operons when it is unbound to the adenosyl 59-phosphosulfate compound. Case 4. Repressible anabolic low-demand system. a) The repressor is nonfunctional in the absence of effector, so gene expression is turned ON. b) In the presence of effector, it binds to the TF, converting it to the holo conformation, which binds DNA and represses transcription, e.g., TrpR bound to tryptophan in the holo conformation represses the tryptophan operon. Symbols: ON and OFF show gene expression and a lack of gene expression, respectively. Activator: green oval; repressor: red oval; RNA polymerase: purple bean shape; effector: yellow triangles; mRNA: blue line. doi:10.1371/journal.pone.0065723.g003 used to predict the correlated feature of the environmental niche of the organism [15] . We have much more complete information available today about the molecular mode of transcription control, as captured in the current version of RegulonDB [1] , and this allows us to make numerous predictions about the ecological niche of E. coli. The testing of these predictions, however, presents a serious challenge, given the current technology for characterization of heterogeneous microenvironments in complex habitats, such as the mammalian gut or soil.
The major discoveries reported here include the clear dominance of regulators in the holo functional conformation and the near absence of activators in the apo functional conformation. This observation is true both at the level of TFs, with only 1 (Cbl) of 20 TFs in the activator apo conformation, as well as at the level of TFpromoter pairs, with only 34 (3%) undergoing activation in the apo conformation among the total of 982 pairs. Given that our analysis covered almost 100 of an estimated total of 300 TFs in E. coli, it is tempting to suggest that the observed uneven distribution will remain valid for the complete network, both at the level of TFs and at the level of interactions. Remember for instance the suprising fact that seven promoter sequences were enough for Pribnow to identify the TATA motif of E. coli promoters [23] , a striking example of conservation of a pattern initially identified in a small sample of a genomic population of elements. However, it might as well be that the currently known TFs may not be an unbiased sampling of all TFs in the genome, particularly as the laboratory conditions differ from the ecological niches of E. coli.
Additionally, the TRN shows a tendency for promoters to have at least one interaction in holo conformation, most likely a direct consequence of the almost exclusive holo functional conformation of global regulators. Finally, we observed a strong dominance of dual (positive and negative) regulation, suggesting that many systems are designed to work under regimens of either high or low demand, depending on different environmental conditions. These genomic observations, taken together, contribute an important link in the complete sequence of steps that start with an input signal, lead to regulated transcriptional activity, and end in a response that address the initial signal change. Only by completing the characterization of these gensor units, as we baptised them [24] , will we be able to fully map mechanisms of regulation with physiology and profiles of gene expression changes. The mapping of the physiological mechanisms can be detailed and enriched with information from the large collections of microarrays and other multi-omic levels of knowledge that are now available under a variety of growing conditions [25] . This contribution, together with genomics and the use of demand theory, provides a first step for future studies combining mechanisms and physiology and expression profiles, with the ecology and evolution of E. coli in an integrated deciphering of this model organism.
Methods
Classification of TFs by their Functional Conformation
We performed an exhaustive analysis of the transcriptional regulatory network of E. coli K-12. The different properties analyzed are summarized in Table S1 . This table was built using RegulonDB [1] as our primary reference but also with curation of the functional conformations from the published literature (Table  S2 ). The data set of 149 TFs was carefully filtered to include for consideration only experimental evidence, i.e., computational predictions for TFs, promoters, and TF DNA-binding sites (TFBSs) -all individual sites where TFs are bound in DNAwere not included in the analysis. Sigma factors were not considered as TFs in this study.
TFs were classified by their functional conformation into two categories: (i) TFs without an effector or without information about their functional conformation, and (ii) TFs whose effectors and functional conformations have been characterized. The second category was further defined based on the TF's conformation and the mechanism of regulation, as follows: a) holo activators, e.g., MalT; b) apo activators, e.g., Cbl; c) holoapo activators, when the activator can regulate in the holo and apo conformations, binding to different sites or to the same sites, e.g., ArgP; d) holo repressors, e.g., TrpR; e) apo repressors, e.g., LacI; f) holo-apo repressors, when the repressor can regulate in the holo and apo conformations, binding to different sites or to the same sites; g) holo-dual, TFs that can be activators or repressors but that always regulate in the holo conformation, e.g., ArcA; h) apo-dual, TFs that can be activators or repressors but that always regulate in the apo conformation, e.g., AsnC; i) holo-apo-dual, TFs that can be activators or repressors but also can regulate in the holo or apo conformation, e.g., the arabinose activator protein AraC.
Classification of TFs Based on the DNA-binding Domain
TFs exhibit a DNA-binding domain that is conserved among evolutionary families. The superfamily and family assignations were based on SUPERFAMILY [26] annotations. We only analyzed families with more than five TFs and evaluated their homogeneity in terms of the functional conformation of their members (apo, holo, or without effector).
Classification of the TF-promoter and TF-TFBS Interactions by TF Functional Conformation
TFs interact with different numbers of promoters, e.g., CRP has 210 interactions and LacI has only 3 interactions. Also, the proportion between positive and negative interactions varies, e.g., CRP activates 153 promoters, represses 44, and has 9 dual interactions. Therefore, the TF functional conformation and its effect on the interactions were analyzed. TF-promoter interactions were classified as follows: a) holo activator, e.g., fucPIKUR, which is activated by CRP in holo conformation; b) apo activator, e.g., tauABCD, which is activated by Cbl in apo conformation; c) holo repressor, e.g., tauABCD, which is repressed by CysB in holo conformation; d) apo repressor, e.g., lacZYA, which is repressed by LacI in apo conformation; e) holo dual, e.g., nagE, which is both activated and repressed by CRP but only in holo conformation; and f) apo dual, e.g., gcvTHP, which is both activated and repressed by GcvA both in apo conformation [1] .
In contrast to the classification of TFs, we also can classify dual interactions as activation and repression by the same TF. Some operons can have different promoters, for instance, lacZYA has three different promoters. The first one is activated by CRP and so was counted as a holo activator; the second promoter is also activated by CRP and was counted as a holo activator; the third promoter was counted twice, once for apo repression by LacI and once as a holo activator for CRP. Note that we counted only one TF-promoter-repressing interaction, even if it involved three operator sites. Thus, we counted four interactions, three of which were counted in the class holo activator and one in the apo repression class.
Alternatively, we defined the TF-TFBS interactions by counting each binding site as an individual interaction. We performed a similar classification as described for the TF-promoter interactions. At the level of TFBSs, TFs were considered dual only when they activated and repressed the same promoter by using the same DNA-binding site.
For instance, rpoH has four promoters (based on strong experimental evidence). One of these promoters, rpoHp5, has three different TFBSs (two for activation and dual regulation by CRP in holo conformation and one for repression by CytR in apo conformation), and so the TF-promoter interactions at this promoter include some in the holo conformation by CRP and repression in the apo conformation by CytR. For this situation, we counted two interactions with two different conformations. When we analyzed at the level of TF-TFBS interactions, we counted two for CRP, one for activation, and one for dual regulation, both in the holo conformation, and one for CytR repression in the apo conformation.
Classification of TFs as Global or Local
Based on previous definitions a global regulator is a TF that regulates a large number of genes that participate in several metabolic pathways, and that shows a relatively low clustering coefficient (meaning that its regulated genes rarely regulate themselves) [27] [28] [29] . Based on these criteria we considered the following to be global TFs: CRP, FNR, IHF, Fis, ArcA, NarL, H-NS, Lrp, FlhDC, and Fur.
Classification of Functional Conformations of Multiple TFs Regulating Promoters
We classified promoters based on their TF interactions. For instance, the lacZYA promoter is activated by CRP (holo activator) and repressed by LacI (apo repressor). This promoter is classified as a holo activator/apo repressor combination. We classified all promoters and determined the frequencies of all types of combinations. With this classification, we did not duplicate any promoter, and we included the interactions of TFs without effectors, e.g., those that are regulated by H-NS, which does not need an effector for regulation (see Figure S6 ).
Functional Classes of the Regulated Genes
We classified regulated genes according to their functional class, based on MultiFun [16] and ontologies [30] . By classifying the functional conformation of the multiple TFs regulating a promoter, we obtained the bnumber of the genes for each promoter. Then, a correlation was made with the functional class in MultiFun. Also, with the corresponding gene ontologies, we categorized the genes into the categories Catabolism, Anabolism, Transport, and Others.
Regulation by Attenuation
In theory, the relative abundance levels of amino acids in the colon are considered to be in the following order: lysine.glutamate.arginine.tyrosine.tryptophan.glycine.leucine .phenylalanine.histidine.alanine.serine.valine.aspartate
.proline.threonine.cysteine.isoleucine.methionine [15] . Based on this ranking, we assume that the demand in the colon for each amino acid can be high or low. We assigned the predicted abundances as described elsewhere [31] , since it is known that among this list, those amino acids from lysine to tryptophan are estimated to be abundant [32] and consequently in low demand; the amino acids from leucine to methionine are predicted to be in high demand [15] .
It has been predicted that amino acids that are seldom frequent in the colon would be regulated by a positive mode of control [15] . However, there are few activators in repressible systems. Histidine is predicted to be regulated by a positive mode of control; however, it does not have any known TF acting in its biosynthetic pathway. In fact, it is regulated only by attenuation. Thus, it is positive when it is in high demand because the antiterminator is formed and negative when in low demand because of the formation of the terminator. Isoleucine, valine, leucine, methionine, phenylalanine, and threonine appear to be in high demand, and an attenuation system has been described for these amino acids. For alanine, serine, aspartate, proline, and cysteine, we did not find experimental evidence associating these amino acids with attenuation systems. There was an activator that regulated alanine, aspartate, and cysteine, as expected; however, serine was associated with repression and proline was associated with dual control. Briefly, there are seven cases of attenuation described: five cases for amino acids predicted to be in high demand and two cases for amino acids predicted to be in low demand in the colon (Table S3) .
If we had to add the attenuation systems to the apo activation counts, they contribute much less to the asymmetry in the apo vs holo activators count, but still a significant under-representation of apo activation remains unexplained ( Figure S8 ).
If we take into account the predicted attenuators generated by computational procedures in the genome of E. coli K-12 [21] , we observed that almost all the amino acids have a system of attenuation, except for glycine (Table S4) . Nonetheless, these numbers do not increase the apo activation interactions, and so apo activation is still underrepresented as shown in Figure S9 .
Statistical Analyses
Chi-square tests for independence were implemented to compare the categorical groups in each analysis. The null hypothesis was that the variables were independent. The alternative hypothesis was that the categorical groups were related. The Yates correction was used when the observed frequency was small. We used an a of 0.05 in our tests. All the tests and graphs were determined using the R program [33] . 
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